Generation of atomic entangled states in a bi-mode cavity via adiabatic passage 
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We propose schemes to prepare atomic entangled states in a bi-mode cavity via stimulated Raman 
adiabatic passage (STIRAP) and fractional stimulated Raman adiabatic passage (f-STIRAP) tech- 
niques. According to the simulation results, our schemes keep the cavity modes almost unexcited 
and the atomic excited states are nearly unpopulated during the whole process. The simulation also 
shows that the error probability is very small. 
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I. INTRODUCTION 

Entanglement, especially high dimensional entanglement, has been recognized as the crucial ingredient in many 



O |. quantum information processes, such as quantum communication [U, 0, d, 0, Q , quantum computation 

' more and more attention has been paid to generating qubit or qudit entangled states in cavity QED lol. llC 

' [11, [13, HIilEIil, ion tra£ Mlii, ' " '• • ' ^ 



superconducting qubit [21, 22y, 22h iM] , linear optical system [2£ 
semiconductor quantum dot [27|, |28| , and so on. 

The technique of stimulated Raman adiabatic passage (STIRAP), which was shown theoretically [1^ and imple- 
mented experimentally in population transfer process in molecules and atoms jsol l3ll |. has been broadly used in 
quantum information processing (QIP) 0, IH, [H, [H, |^ |39|, |40|, l4l|, |42|. In this technique are involved two 
delayed, but partly overlapping pulses - pump and Stokes - with the Stokes pulse applied first. L. Wang et al fisj 
experimentally and theoretically demonstrate that the atomic coherence can be completely transferred or arbitrarily 
distributed among the different levels in a four-level atomic (tripod) scheme by STIRAP. An extension of STIRAP, 
called fractional stimulated Raman adiabatic passage (f-STIRAP) 0, 11^ S, H^l , allows the creation of a coherent 
superposition of two ground states in A-type system. Different from STIRAP, the f-STIRAP requires that the two 
pulses vanish at a constant finite ratio of amplitudes. Wang et al "i^ have demonstrated storage and selective release 
of a light pulse in a Pr:YSO crystal, which is based on atomic spin coherence created by the f-STIRAP. 

In this Brief Report, we present schemes for generating entangled states of two qubits and two qutrits via STIRAP 
' or f-STIRAP techniques. Two Rb atoms are trapped in an optical cavity and drived by two different lasers. By 
\^ , choosing appropriate parameters we can create entangled atomic states. According to the simulation results, our 
lO ■ schemes keep the cavity modes almost unexcited and the atomic excited states are nearly unpopulated during the 
\l whole process. The simulation also shows that the error probability is very small. 

o : 

0\ , II. THE FUNDAMENTAL MODEL 

O ■ 

J> ■ We consider the situation described in Figure 1, where two atoms are trapped in a bi-mode optical cavity. The 
' relevant atomic levels and transitions are also depicted in this figure; such level structures can be achieved in ^'^Rb [4^, 
, [H^l- The states I^l), \go), \gii) and \ga) correspond to ^'^Rb atom hyperfine levels \F = 1, mp = —1), \F = 1, mp = 0), 

d • |F = 1, mp = 1) of 55*1/2 and \F — 2, mp = 0) of 5Si/2, while jci), |eo) and \eji) correspond to \F — 1, mp = — 1), 
\F = 1, mp = 0) and \F — 1, mp — 1) of 5P3/2- Initially, the atoms A and B are prepared in the state \ga)A ^^'^ \9o)b 
respectively, and the cavity mode is in the vacuum state. The atom A's transition \ga) ^ \^o)a driven resonantly 
by a TT-polarized classical field with Rabi frequency Qa] \eo) a ^ \9r)a i\^o) a ^ \9l)a) i^ resonantly coupled to the 
cavity mode ajj (a^) with coupling constant gA- The atom _B's transition <-> Igl)^ (|5-r)s ^ \^r)b) driven 

resonantly by a 7r-polarized classical field with Rabi frequency flB] \gl)b ^ \9q)b (I^RIb \9o)b) resonantly 
coupled to the cavity mode an (ol) with coupling constant gB- In the rotating wave approximation, the interaction 
Hamiltonian can be written as (setting h = 1) 

Ho = gA{t)aR |eo)^ (.g^l + gA(t)aL |eo)^ + ^A{t) |eo)^ {ga\ 

+ gB{t)aR \eL)B {9o\ + 9B{t)aL \eR) b {9o\ + ^B{t) \e-L) b {9l\ + ^B{t) lefl)^ (5^1 + H.c. (1) 
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FIG. 1: Two ^"^Rh atoms are trapped in a bi-mode cavity. The states \gL) (lei)), Iffo) (|eo)), and Ig^) (|efl)) correspond to the 
Kb atom hyperfine levels _F = 1 of 551/2 (5-P3/2), while \ga) corresponds to F = 2, mp = of 5S'i/2- The atom A's transition 
|fla)A *~* \^o) A is driven resonantly by a 7r-polarized classical field with Rabi frequency Oa; leo)^ l3fl)A (I^o)a ^ l5i')A) 
is resonantly coupled to the cavity mode an {ul) with coupling constant qa- The atom B's transition \gL}g ^ {gl) 
{\9r)b ^ b) is driven resonantly by a 7r-polarized classical field with Rabi frequency |ei)^ « Iffo)^ {\eR) g ^ \9n) b 
is resonantly coupled to the cavity mode an (a^) with coupling constant qb- 



In the following we write the state of the system as \A,B,nji,nL), where A and B denote the states of the atoms, 
and riLji the number of L or i? polarized photons of the cavity. The subspace S spanned by states {\ga, go-,0,0) , 
160,50,0,0), |5rL,3o,0, 1), |5L,efl,0, 0), \gL,gR,0,0), go, 1, 0), cl, 0, 0), l^^, g^, 0, 0)} is an 8-dimensionnal in- 
variant subspace of the Hamiltonian (1). It can be verified that in the subspace S, the Hamiltonian has the following 
dark state: 



\D{t)) = C[2gAmBit) \ga, go, 0, 0) - W^^bW 5o, 0, 1) + \gR, go, 1, 0)) 
+ gB{t)nA{t) (IffL, gn, 0, 0) + \gR, 5^, 0, 0))], 

where we assume gi, fli are real, and C^^ — Ag\Vl^g + 2^l\^\ + 2ggil\. Under the condition 

gA{t),gB{t) »r!A(i),^^B(i), 

we have 

\D{t)) ^ 2gA{mB{t) \ga, go, 0, 0) + .gs(t)f^A W \gL,gR, 0, 0) + .gsW^^A W \gR, 5l, 0, 0) . 



(2) 
(3) 
(4) 



III. GENERATION OF A TWO-QUBIT ENTANGLED STATE VIA STIRAP 



Suppose the initial state of the system is \ga, go, 0, 0), if we design pulse shapes and sequence such that 

hm . 0, (5) 

t^-^ gAit)nB{t) ^ ' 

hm . 0, (6) 

t^+^ gB{t)nA{t) 
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it follows from Eq. (4) that we can adiabatically transfer the initial state \ga, go, 0, 0) to a superposition of \gL,9R, 0, 0) 
and \gR,gL, 0,0), i.e., l/V^ {\gL, gR,0,0) + \gR,gL, 0,0)) = 1/ ^/2{\gL, gn) + \gR,gL)) \00)^, which is a product state of 
the two-atom entangled state and the cavity mode vacuum state. 

The pulse shapes and sequence can be designed by an appropriate choice of the parameters. The coupling rates 

are chosen such that gA{t) = gsit) — 5, laser Rabi frequencies are chosen as i^A{t) = ^^o^xp —1/200 {t — tof' /t^ 

and VLB{t) = exp [— l/200t^/r^] , with tp = 2t being the delay between pulses js^]. With this choice, conditions 
(5) and (6) are satisfied. 

To evaluate the performance of our scheme, we now consider the dissipativc processes due to spontaneous decay 
of the atoms from the excited states and the decay of cavity. The evolution of the system is governed by the non- 
Hcrmitian Hamiltonian 



Hnh = Ho - iKiaj^GL + a'jjaii) - J ^ (|efi)j (e^l + |eL)j (glI + |eo)^. (eo|), (7) 

where k is the cavity decay rate and 7 is the atomic spontaneous emission rate. Here we assume that three excited 
states |efl), {cl), and |eo) have the same spontaneous emission rate 7, and the two cavity modes possess the same 
loss rate k. Figure 2 shows the simulation results of the two-qubit entanglement generation process, where we choose 
g — 5Qo, T = ^0 ^' cavity decay rate and the atomic spontaneous emission rate k = 7 = 0.005g [5l|,[5l|. The Rabi 
frequencies of ^lA{t), ^B{t) are shown in Fig. 2(a). Figure 2(b) shows the time evolution of populations, in which 
Pi, P5, and Pg denote the populations of the states \ga, go, 0,0), \gL, gn, 0,0) , and \gR, gL, 0,0) , and the populations 
of the states {|eo,5o,0, 0) , \gL, go, 0,1), \gL,eR,0,0) , Ifffl, 50, 1, 0) , 15^, cl, 0, 0)} are almost zero during the whole 
dynamics. Finally P5 and Pg arrive at 0.5 and Pi approaches 0, which means the successful generation of the two 
qubit entangled state. Figure 2(c) shows the error probability defined by [ssj : 

P,,^l-\(Dit)\^4t))\\ (8) 

here \(ps (t)) is the state obtained by the simulation and \D{t)) is the dark state defined by Eq. (2). In Figure 2(d), 
the probability Pp with which one photon appears in the cavity is shown. Figure 2(e) shows the population Pea of 
the atoms in excited state jej) {i = L, 0, R). From Figures 2(c)-2(e) we conclude that we can prepare the two qubit 
entangled state with high success probability. 



IV. GENERATION OF A TWO-QUTRIT ENTANGLED STATE VIA F-STIRAP 

Suppose the initial state of the system is \ga, go, 0, 0), if we design pulse shapes and sequence such that 

hm . 0, (9) 

t-^-^ gAit)nBit) ^ ' 

hm = 1, (10) 

the system will end up in the state 1/ {\ga, go, 0,0) + \gL, gn, 0,0) + \gB, gL, 0,0)) = l/V5{\ga,go) + \gL,gn) + 
ISfli gL)) \00)^, which is a product state of the three-dimensional entangled state of the two atoms and the cavity mode 
vacuum state. We choose the pulses gA{t), flA{t), gsit), and Unit) the same as in Sec. Ill, i.e. gA{t) — gsit) = g, 
nA{t) = f^ocxp [-1/200 (t - tof /r^j + exp [-l/200t^/T^] and r2s(i) = f^oexp [-l/200t^ /t^] , with = 2r. 

Figure 3 shows the simulation results of the two-qutrit entanglement generation process, where we choose g, flo, t, k, 
and 7 the same as in Figure 2. The Rabi frequencies oi^A{t), ^B{t) are shown in Fig. 3(a). Figure 3(b) shows the time 
evolution of populations, in which Pi, P5, and Pg denote the populations of the states \ga, go, 0,0), \gL, gn, 0,0), and 
l5fl,5i7 0,0), and the populations of the states {|eo, 50, 0,0) , |5l,5o,0,1), \gL,eR,0,0), \gR,go,l,0), 1^^, ei,, 0, 0)} 
are almost zero during the whole dynamics. Finally Pi, P5, and Pg arrive at 1/3, which means the successful generation 
of the two qutrit entangled state. Figure 3(c) shows the error probability during the process. In Figure 3(d), the 
probability Pp with which one photon appears in the cavity is shown. Figure 3(e) shows the population P^a of the 
atoms in excited state \ei) {i = L, 0, R). From Figures 3(c)-3(e) we conclude that we can prepare the two qutrit 
entangled state with high success probability. 
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FIG. 2: The simulation results of the two-qubit entanglement generation process, where we choose g = 5Qo, t ~ , the cavity 
decay rate and the atomic spontaneous emission rate k = 7 = O.OOSg. Figure 2(a): the Rabi frequency of QA{t), f2s(t). Figure 
2(b): the time evolution of populations, in which Pi, P5, and Pg denote the populations of the states \ga, go, 0, 0), \gL,gR, 0, 0), 
and \gR,gL, 0,0), and the populations of the states {|eo, go, 0, 0> , 30, 0, 1) , I^l, eij, 0, 0) , \gR,go,l,0) , I^h, ez,, 0, 0)} are 
almost zero during the whole dynamics. Figure 2(c): error probability Pe (t) defined by Eq. (8). Figure 2(d): the probability 
Pp with which one photon appears in the cavity. Figure 2(e): the population Pea of the atoms in excited state \ei) (i = L, 0, R). 



V. CONCLUSION 



In summary, based on the STIRAP and f-STIRAP techniques, we have proposed two schemes to generate entangle- 
ment of two ^'^ Kb atoms in a bi-mode cavity. According to the simulation results, in the schemes for creation of atomic 
entanglement states, the cavity mode, and the atomic excited states are nearly not populated, so these schemes are 
hardly influenced by the atomic spontaneous emission and the cavity decay. The error probability is also very small 
dining the process. 
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